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SUMMARY

The climate of the Southwest).S, including Utah, is highlyariable and strongly influenced by
topographic contrastsaas well asthe midHatitude storm track, the North American monsoon, and

proximity to the Pacific Ocean, Gulf of California, and Gulf of Mexico. Utah histeeigtderrecords from

1950 to 2017 showhat average temperaturesncreased byabout 2°Fwith only modestchangesin

average annual precipitatiorHowever precipitation varies substantiallpy season and yedo-year

across Utah depending on exposure to the Haititude westerly storm track duringhe cool season, the

monsoon circulation during the warm season, and elevat@hserved SnowVater Equivalent (SWE)
recordsshow a decreasingrend of snowpack over time, and the raa@ ¥ OKIl y3S Ay &2 dzii K S
SNOTEL statiomse significantly higherhtan in the north Utah hasfrequently experienceddroughts and

flash floodin the past.

The majorityof regional future climate studies indicatieat averagetemperaturesin Utah may increase
by 3 to 6°F by 2060s and 4 to 10°F by the encofent century. The precipitation projectiaghave an
uncertainty range with changes spannifigm (-5) to 10% by 2060s anelQ) to +5% by the end dffie
currentcentury. Theprojections indicatesignificant seasonal variability in temperature and precipitation.
Theclimate models predican increase in the fraction of precipitatidalling as rainrather than snow.
SWE values amrojectedto be reducedoy about 10 to 15% by 2060s and up to 30% by the emdiwent
century. The compounded effects of chasge precipitation type, escalated warmingnd changes in
snowmelt timing will lead to shitin the timing ofspring runoffoy one to three weeks by 2060s and about
four weeks by the end athe current century. Frequentextreme weather eventselated to changing
climate could resulin heat waves, heavy precipitation, droughts, and flootise projected increase in
the intensity of naturally occurrindgroughts could escalate theccurrence and severity of wildfireShe
magnitude of changes and impaatill vary locally with climatic regions in the stabedare often difficult

to predict

Changing climate will alter the hydrologic cycle and will have direct and indirect impacts on both water
availabilityand demand.On the supply side many componentsof the water cycle includingate of
evapotranspiration, snow hydrologyrocessestiming of streamflow; reservoirinflow andstorage, and
groundwaterrecharge rate will be directly impacted by climate change and climate variab(Dty.the
demand side all sectorsof water demandncludingresidential, industrialinstitutional, agriculturgland
ecosystems will be escalated with t@rmingclimate. Among the most significant of these anticipated
effects, inUtah, are changes in snowpack aomuation and snowmelt, changes in streamflow and timing,
risks of droughts and flooding eveniscreasedagriculturaloutdoor water usesand increasedhdustrial

water demand

The main objective of this repadto reviewthe historical observations ahprojected trends of the major
climatevariablessummarizepotentialA Y LJ- O a whigr resoiirtekr@aragemenand recommend
adaptationsstrategies This report has four sectionSection 1 introduces climatechange observations
from the regional perspective. Secti@summarizea historical and future climate change trenftgusing
on temperature, precipitation, snowpack, streamflow, extreme weather events and impacisaber
resource systemsSection3 summarizes possible adaptatistrategies to address the impacts of climate
changeon water resourcesand management Section 4 includes a summary and recommendations for
future work. It is noted that nost of theresultsincluded in this reportiraw on data developedy key
federal agemies including U.S. Geological Survey (USGS), National Oceanic and Atmospheric
Administration (NOAA)U.S. Environmental Protection Agency (USEPA), dh@ U.S. Bureau of
Reclamation (USBR)
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1. INTRODUCTION

The burth U.S. National Climate Assessment (NQagdrt indicates that the U.S.average
temperature has increased by 1.3 to 1.9°F since record keeping began imd@8tst of this
increase has occurred since 1970 (Melillo et al., 2018@RP, 2018 The WesternU.S.has
warmedapproximately2°Foverthe same period and is projected to waan additionab to 7°F
during the 2% century Reclamation, 2006 The climateof the SouthwestJ.S.is highly varied
and strongly influenced by topographic and lasutface contrasts, the milhtitude storm track,
andthe North American monsooas well agproximity to the Pacific Ocean, Gulf of California,
and Gulf of MexicoShepmrd et al. 2002

The Southwest including Utah is the hottest and driest regiorthe U.S Historical records of
average annual and maximum temperature show thates of warming are larger over the
westernU.Sin general, including Utafirigures 1(a) and 1(b)he average ratof changen the
U.S vary spatiallyfrom north to southwith valuesaround0.50 to 2°F per centurytheobserved
ratesof change in the winteand thesummerseasons(Figures 1(c) ant{d))are higher than the
annualaveragerates of changeWarming trenéghave been observeith manyriver basins in the
WesternU.S.sincethe 1970s(e.g., lower Colorado River basar)d overthe 20th century (e.g.,
Columbia River Basi®acramento and San Joaquin River basins, the Rio Grande &aditf)e
observedrates of changeare arounds to 7°F depending on locati¢Reclamation, 2016

The historical annual and winter precipitation trermser theperiod 1895 to 2016 in the U.&e
generally weaker and less extensive than té@perature changes (Figures: 2a and, 2ihich is
consistent with a lack of trend in global land precipitatarer the same periodAcross most of

the Southwest, a trend toward more precipitation falling as rain and less as snow is already
apparent (Knowles et al., 2006)his is being observed both topographically (lower elevations
receiving less precipitation ithe form of snow) and seasonally (a shortening of the snow
accumulation period)Both wet (i.e., heavy precipitation events) and dry extremes (i.e., length
of dry spells) are expected to increase substantially throughout the \Mashg the current
century (Georgakakos et al., 2014).

Projections of future hydrology suggest that warming and associated loss of snowpack will persist
over much of the WestertJ.S.(Hamlet et al., 2005). Streamflow due to snowmelt in many
snowmeltfed streams trended toward eber arrivals from 1951999, likely in response to
warmer temperatures (Hoerling et al., 2013). laisticipatedthat the changes in snow hydrology
along with severe and sustained drought will stress water resources in the Southwest including
Utah(Garfin et al., 2013)

The main objective of this report is to review the historical observations and projected trends of
YI22NJ Of AYF(GS GIFNAIFOES&AY adzYYFENART S LIRGSYGAlLl f
and recommend adaptation strategie$his report presentstrends and general statistics of
climate variablesvith reference to theorior andposteriorof year2000.Thereference year 2000

is neithermotivatedby any change point analysisr holdsanyphysical science meaninQather,

it waschosen for simplicity tassess and highlight changaghe recent decadeMoreover, this

work is not @ exhaustive review on howhe climateis changng or what adaptation measures

can be implementedo address for specific impacits Utah water sectorsTheaimis insteado
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serve & afirst reference document t@recedeclimate and water related studies the future.
The nextsection presentshistorical and future climate change trends focusing on temperature,
precipitation, snowpack, streamflow, extreme weather eveitisd impacts on water resource
systems.

(a) Average Temperature Trends (b) Average Maximum Temperature Trends
Annual 1895-2017 Annual 1895-2017
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Figure 1 Historical emperature trendgor 1895 to 2017: (a) averaganualtemperature
trends, (b) average maximum temperature trends, (c) average temperé&temes in winter,
and (d) average temperature trends in summ@urce https://www.ncdc.noaa.gov/temgand-
precip/ustrends/tavg/ann#ustrendsselect
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(2) Precipitation Trends
Annual 1895-2016
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Figure2: Historical precipitation trendfor 1895 to 2016(a)average annugbrecipitation
trends, (b)average winter precipitatiotrends. Source https://www.ncdc.noaa.gov/tempand

precip/ustrends/prcp/ann#udgrendsselect

2. CLIMATE CHANGE AND IMPACTS ON WATER RESOURCES IN UTAH

2.1TemperatureChangesContnue to Rise

HistoricalTemperatureChange Averagegemperaturein thewesternU.SandUtahincreased by

about2°Foverthe last centuryFigure 3 presentthe historical temperature trends ibltahat an
annual and monthly time scalee.,January, April, and Juliypm 1950 b 2017. The data useuh

this analysis weréownloaded from Western Climate Mapping Initiative (WestMap, 2018

WestMap website hosts monthly PRISM temperature (maximum, meamd minimum) and
precipitation dataat 4-km resolution.

The average annual temperature observedltah, over the period of 19592000, was 47 @FF
with a standard deviationf 1.08F,whereasthe average temperature in the recent years (2000
¢2017) wasl.3’Fhigher(Figure 3(g) Using July to illustrate changes in summer, temperatures
averaged.20°F higher ithe period 0f2000¢2017compared t01950¢2000(Figure 3¢)). There
was also arise in winter temperature(here January of about 1°Fin the recent decades
comparedto the period1950¢2000(Figures3(b)).Inthe period 1950 to 2017 he positive trend

in annual temperature accounts for only 6% of the totakiance butis highly statistically

significant(p <0.001) The ManrKendall trend test shows=Z3.346, p=0.008,and tau=0.273

indicatinga significant increase in annualmears Y LIS NI G dzNBd® { AYA T | NI & X
of the observed annual averagentgeraturesis0.0252F per yeaor 2.5°F pecentury. Itis noted

that the results presented here are averaged over the state; howeverrdtes of change of
temperature vay seasonally and with elevation.
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Figure 3 Historical temperature trends in Utdbr the period1950¢2017 based on the?RISM
climate data (a) average annual temperatyr@) averagetemperature in January, (everage
temperature in April, and (Qverageemperaturein July Data urce:
https://cefa.dri.edu/Westmap/Westmap_home.php?page=timeseries.php

Figures 4 (a) and (b) shale number of dayper yearwith extreme hot and cold temperatuse
in Utah.Over the record, the average number of days per year with maxiteamperature above
100°F was about 16days, and with minimum temperature below 0°F was aboda@s The
number ofextremely hot days per yeamcreased in Utalover the past centuryfFigure 4a)
whereas the number oéxtremely colddays per yeardecrease (Figure 4b).The trends in
extreme temperatures in Utalare similar to the observed and projectecationwide trends,
meaningdays of extreme heat could become more frequand days entirely below freezing
could become less freque(tSGCRP, 2018he mplications of the extrem&emperatureevents
as reported in most of the climate studies wilveeffectson snow fall and snowmelt processes,
droughts, escalated wildfirasks,and impacs on water supply and deman@)SGCRR018).
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Figure 4 Observechumber ofhot and cold dayper yearfor 190@;2018 averaged over-$ear
periods (a) The observed number of extremely hadys: annuahumber of days with

maximum temperature at or above 100°F, Tihle observed number of extremely cold days
with minimum temperature below 0%Black horizontal lines indicate averages in each panel.
Source https://statesummaries.ncics.org/ut

Future Tempeature Projections Most of the Global and Regional climate maploject
increased average annual temperatures acrosthe US and Utah. The results of future
temperatureprojectionsfor a moderate and high greenhouse gas emissimenario (i.e., RCP 4.5
and RCP 8,5respectively are presented forthe middle andlate 21% century in Figure§)
(USGCRP, 201®rojectedtemperature increaseare largerat higherlatitudesand also larger
under highergreenhouse gas emissionempared to loweremissionsCentral estimates of this
continued warming vary fronapproximately5 to 7°F depending on locatiqtySGCRP, 2018
Severabtudieshave dynamically downscalédtanQ &  FolimdatizNgBg the Weather Research
and Forecasting (WRF) modeider the moderateRCP® greenhouse gas emissi@tenario
(Strong et al. 2014; Scalzitti et al., 2016aalzitti et al. 201§bThe studiesndicated that by the
2040s (2035 to 2044) and 209 (2085 to 2094) average temperatures will increase by 3.60 to
7.30°F and 5.4 to 10.80°F, respectively (Strong et al.,; R0tadtri et al. 2018).

Figure 6 presents observed and projected changes in-s@diace air temperature for Utah
together on one graplfFrankson et al, 2017). The results are based on observed datiaefor
period 190@2014 and projected changes fiire period2006;2100 from global climate models
for two possible future scenarios (higher and lower emissions). Thaltseshow that
temperatures in Utah (orangeurve) have risen almost 2°F since the beginning of th& 20
century. The shading in the figure indicates the range of annual temperatures from the set of
models. Less warming is expected under a lower emissiosisario(green shadingup to 8°F)
and more warming under a higher emissi@tenario(red shadingup to 14°F). It is noted that
the climate models and projections have rasgd uncertainties, therefore evaluations of
multiple scenarios and climate moldes always recommended prior to any adapibn decision
makingfor the water sector.
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Figure5: Changes in temperature observed and projected under a lower and higher
greenhouse gas emission scenaf& observed change for 1988016 relative to 19041960
(b &c)projected differences in annual average temperature forceatury (20362065,
middle)and @ &e) end-of-century (207Q2099 relative to thenear presen(1986;2015)

Source USGCRR018.
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